His-Asp phosphorelays are signal transduction mechanisms widely found in both prokaryotes and eukaryotes. The phosphorelay comprises three types of signal transducers: a sensor with histidine kinase (HK), a response regulator containing a phospho-accepting receiver (RR), and a histidine-containing phosphotransmitter (HPt). In this study, we examined HK expression using a green fluorescent protein (GFP) reporter driven by HK promoters in Aspergillus nidulans. All the transformants showed fluorescence derived from GFP in a submerged culture, although some of them were very weak, indicating that all the promoters were active. As judged by the fluorescence of transformants grown on a culture plate on which sexual development was induced, promoters of fphA, hk-8-2, and hk-8-5 preferentially functioned in conidial heads, the promoter of phkA preferentially functioned in cleistothecia, and the promoters of tcsB and nikA function in both conidial heads and cleistothecia. These results indicate that at least some HKs of A. nidulans showed temporally and spatially different expression during the cell cycle.
His-Asp phosphorelays, also called the two-component regulatory system, are signal transduction mechanisms widely found in both prokaryotes and eukaryotes. 1, 2) The phosphorelay system in eukaryote comprises three types of common signal transducers: a sensor with histidine kinase (HK) activity, a response regulator containing a phospho-accepting receiver (RR), and a histidine-containing phosphotransmitter (HPt). Histidine kinases in eukaryotes are generally hybridtype kinases, which contain both a kinase domain and a receiver domain. A phosphate group is transmitted as follows: HK domain in HK (His) ! RR domain in HK (Asp) ! HPt (His) ! RR (Asp). Hence, these signal transduction mechanisms are called His-Asp phosphorelays rather than two-component regulatory systems. The filamentous fungus Aspergillus nidulans is a model organism in which transcriptional regulation and signal transduction have been extensively studied. We conducted an extensive computer-aided similarity search in which we identified 15 open reading frames (ORFs) as HKs, one ORF as an HPt, and four ORFs as RRs in the genome of A. nidulans.
3) Of the 15 HKs, only the following four have been characterized and reported to date: TcsA (gene ID, AN5296.3), 4) TcsB (AN1800.3), 5) FphA (AN9008.3), 6) and NikA (AN4479.3). 7) TcsA and FphA have been characterized with reference to asexual and/or sexual development processes. TcsB appears to be orthologous to the well-characterized Saccharomyces cerevisiae osmotic sensor Sln1p. Recently we characterized NikA which is commonly found in many fungi in association with responses to potent fungicides such as iprodione and fludioxonil. 7) We found evidence that not only NikA but also two downstream response regulators, SrrA and SskA, are implicated in the killing effect of these fungicides, and that the further downstream HogA-MAPK cascade is abnormally activated by fungicides in the hyphae in a NikA-SskA phosphorelay-dependent manner.
In the eukaryotic microorganisms S. cerevisiae 8, 9) and Schizosaccharomyces pombe, 10, 11) the His-Asp phosphorelay system is well characterized. These organisms have only a small number of common signal transducers. S. cerevisiae has one HK, one HPt, and two RRs, while S. pombe has three HKs, one HPt and two RRs. Hence, it is possible that the His-Asp phosphorelay systems in A. nidulans respond to more complex environmental stimuli. Recently, we purified recombinant HPt (YpdA) and two RRs (SrrA and SskA), and subjected them to an in vitro phosphotransfer system y To whom correspondence should be addressed. Tel: +81-52-789-4086; Fax: +81-52-789-4087; E-mail: kato@agr.nagoya-u.ac.jp using bacterial histidine kinase ArcB as a phosphate donor. 12, 13) We identified the occurrence of phosphotransfer from ArcB to A. nidulans YpdA and the subsequent transfer from YpdA to SrrA and SskA. This is the first direct biochemical evidence for the presence of a phosphotransfer system in filamentous fungi.
An apparent problem associated with the phosphorelay system in A. nidulans is that the number of HKs greatly exceeds the known number of downstream RR effectors. If so many HKs are simultaneously activated within a cell, it is possible that the multiple signals produced confuse the cellular regulation systems. As a solution, we assumed that HK expression is temporally and/or spatially regulated during the life cycle of the organism. To examine this possibility, in this study, we examined HK expression using a green fluorescent protein (GFP) reporter driven by HK promoters.
Materials and Methods
Strains and plasmids. A. nidulans ABPU1 (biA1 pyrG89; wA3; argB2; pyroA4) 14) was used as a host for transformation. E. coli JM109 (recA1, endA1, gyrA96, thi, hsdR17, supE44, relA1, 15) was used for DNA manipulation. Plasmids pGEM-T Easy (Promega, Madison, WI) and pUC19 16) were used for subcloning of various DNA fragments. Plasmids pCaMV35S-sGFP(S65T)-NOS3 017) and pCAME3M 18) were used as a source of a gene encoding sGFP and a region containing the transcriptional terminator derived from the taka-amylase A gene. The primers used in the construction of vectors are listed in Table 1 .
Construction of pUC-gfp-ter. CaMV35S-sGFP- Construction of the pAR6-HKp-gfp series. A DNA fragment containing A. nidulans argB gene was amplified by PCR from pAR2 19) with primers arg-B (5 0 -CGC-GGATCCGTCGACGGCGAC-3 0 ) and arg-P (5 0 -AAA-ACTGCAGGTCGACCTACAGCCATTGC-3 0 ). The amplified fragment was digested with BamHI and PstI and then cloned at the BamHI and PstI sites of pBluescript II KS+ to construct pAR6. The putative promoter region of each HK was defined as about the 1000-bp upstream region from the translation start site. Each promoter region was amplified by PCR with primers (Table 1) and cloned at the EcoRV site of pGEM-T-Easy. Then the plasmids were digested at the restriction sites (I) indicated in Table 1 and subcloned at the same sites of pUC-gfp-ter. The resulting plasmids were digested at the restriction sites (II) as indicated, and the fragment containing an HK promoter, the GFP-encoding gene, and the taa terminator were inserted at the same sites of pAR6 to construct the pAR6-HKp-gfp series.
Construction of strains possessing a GFP-encoding gene under the control of an HK promoter. The plasmids were digested at the site indicated in Table 1 (inside of the argB gene, restriction site III) and used in transformation. Transformation of A. nidulans ABPU1 was carried out as described previously. 20) The fusion genes were expected to be inserted at the argB locus of A. nidulans. Introduction of the fusion gene in all the transformants used in this study was confirmed by Southern analysis. 21) Other methods. A digital fluorescence camera VB-G25/S20/S21/L11 (Keyence, Osaka, Japan) and a fluorescence microscope BX51TRF (Olympus, Tokyo, Japan) with a filter unit U-MGFPHQ and a digital CCD camera (Hamamatsu Photonics, Hamamatsu, Japan) were used at low magnification and high magnification respectively. Analysis of transformants in a submerged culture was carried out as follows: Conidia were inoculated in minimal medium (10 6 conidia in 10 ml) and incubated at 37 C for 12 h. Five microliters of the culture were transferred to a slide glass (S-1111, Matsunami Glass, Osaka, Japan), covered with a coverslip and analyzed by BX51TRF. For conidial heads and young cleistothecia, culture plates (8 d old) were directly analyzed by VB-G25/S20/S21/L11. Sexual development of A. nidulans was induced by sealing a plate culture with adhesive tape. For conidial head analysis, transformants were grown on a minimal plate at 37 C for 3 d. A small portion of a colony was transferred to a slide glass, covered with a coverslip, and analyzed by BX51TRF. For cleistothecium analysis, transformants were grown on a minimal plate at 37 C for 8 d to obtain immature cleistothecia. The immature cleistothecia were isolated, placed on a slide glass, supplemented with 20 ml of a buffer (50 mM sodium phosphate, pH 7.0, 50% w/v glycerol, and 0.1% n-propyl gallate), and covered with a coverslip. The cleistothecia were crushed by pressing the coverslip, and were analyzed by BX51TRF.
Results and Discussion
Construction of strains possessing the GFP reporter gene driven by HK promoters
Recently we identified 15 open reading frames (ORFs) as HKs in the genome of A. nidulans (Table 2) . In order to determine whether HK expression is temporally and/or spatially regulated during the life cycle, we constructed a series of constructs of the GFP gene under the control of HK promoters. The promoters were defined as the region located approximately 1,000 bp upstream from the translation start site. Promoter activities were monitored based on the fluorescence signal of GFP in the hyphae (Fig. 1) . The signal intensities were quantified using a computer program, as described in the legend to Fig. 1 . Hereafter, we designate these genes as promoter name-gfp (e.g., tcsB p -gfp). Although some transformants exhibited low fluorescence intensity in the hyphae, the intensities were slightly higher than that of the negative control (refer to the signal intensities quantified using a densitometry program shown in Fig. 1 ). These results suggest that the putative promoter regions functioned at each level.
Temporally and spatially different expression of HKs A. nidulans grows vegetatively through hyphal extension and produces asexual spore-bearing structures known as conidiophores. In addition to asexual development, it also undergoes sexual reproduction with or without prior mating with another strain. 22) In sexual reproduction, A. nidulans forms a specialized organ known as a cleistothecium (''closed container''), inside which bright red sexual spores are generated by meiosis. 23) Sexual spores are referred to as ascospores, since the four haploid products of each meiotic event are present in a sac (ascus). A mature ascus contains eight spores, because meiosis is followed by one mitotic duplication. Each cleistothecium contains thousands of asci, and thus tens of thousands of ascospores. Mature cleistothecia are spherical bodies, mostly 100-200 mm in diameter, with an outer coat of loose yellowish hyphae carrying giant cells of unknown function known as ''Hülle cells. '' In order to determine the expression of HK genes in the conidial head and cleistothecium, the transformants were inoculated on a plate that was sealed to induce sexual development and incubated for 8 d. The plates were then observed directly with a digital fluorescence camera. The transformants with the GFP gene under the control of the tcsB and nikA promoters presented higher fluorescence intensity in both the conidial head and the cleistothecium (Fig. 2) . Taken together with the fact that these transformants presented higher fluorescence intensity in the hyphae as well, the results suggest that tcsB and nikA are uniformly expressed throughout the fungus. On the other hand, GFP expression under the fphA, hk-8-2, hk-8-5, and phkA promoters did not appear to be uniform: The GFP fluorescence signal of the transformants containing the fphA, hk-8-2, and hk-8-5
promoters was higher in the conidial heads than in the cleistothecia, while that of the transformants containing the phkA promoter was higher in the cleistothecia than in the conidial heads (Fig. 2) . Yellowish intrinsic fluorescence was not negligible, especially in the cleistothecia under these culture conditions. For the other constructs, the fluorescence signals were so weak that it was difficult to distinguish them from intrinsic fluorescence (data not shown). The results described so far, however, clearly provide an answer to the question as to whether HK expression is temporally and/or spatially regulated during the life cycle of A. nidulans. But the time and location at which each HK really functions remain to be clarified, because the abundance of the transcripts of certain genes does not necessarily reflect the functioning of the gene product.
It has been demonstrated that red light stimulates asexual sporulation but it suppresses sexual development. 24) Blumenstein et al. reported that FphA acts as a red-light sensor and represses sexual development under red light.
6) It is possible that FphA expressed in the conidial head senses red light and represses sexual development via unknown mechanisms.
Expression of HK genes during asexual development
The conidial heads of the transformants with the gfp genes controlled by the tcsB, nikA, fphA, hk-8-2, and hk-8-5 promoters were analyzed under a fluorescence microscope (Fig. 3) . In the transformants containing Transformants were grown on a minimal medium plate, and sexual development was induced by sealing the plates with adhesive tape. After 8 d of incubation at 37 C, the colonies were directly analyzed with a VB-G25/S20/S21/L11 digital fluorescence camera. The signal intensities of conidial heads and the cleistothecia of each transformant were determined with ImageJ 1.38, as described in Fig. 1 . The means of five points with standard deviations are given. The intensity of conidial head of tcsB p -gfp was defined as 100. Bars = 50 mm. All transformants in this experiment possessed two copies of the gfp fusion gene. Bars = 50 mm. Large and small arrowheads indicate cleistothecia and conidial heads respectively. Transformants were grown on a minimal medium plate at 37 C for 3 d. A small portion of a colony was transferred to a slide glass, covered with a coverslip, and analyzed by BX51TRF. Samples were analyzed by light (A) or fluorescence microscopy (B) Bars = 50 mm. All transformants except for that containing nikA p -gfp (three copies) possessed two copies of the gfp fusion gene. Bars = 10 mm. Transformants were grown on a minimal medium plate at 37 C for 8d to obtain immature cleistothecia. The immature cleistothecia were isolated, crushed, and analyzed by BX51TRF. Samples were analyzed by light microscopy (A) and fluorescence microscopy (B), and the images were merged (C). the tcsB p -gfp and nikA p -gfp genes, GFP fluorescence was observed in all areas of the conidial heads and stalks. On the other hand, the expression of fphA, hk-8-2, and hk-8-5 appeared to be different, as follows: For the fphA construct, fluorescence was observed in the conidial heads but not in the stalks. For the hk-8-2 and hk-8-5 constructs, stronger fluorescence was observed in the conidia. It must be noted, however, that these analysis are too qualitative and that further quantitative analysis is necessary. Furthermore, these constructs used GFP, known to be a relatively stable protein, as a reporter. Therefore, whether the GFP protein is synthesized at the exact location where the fluorescence is observed or is transported from other locations should be carefully interpreted, since the cells in conidial heads are actively dividing.
Expression of HK genes during sexual development
In order to obtain greater insight into the expression of tscB, nikA, and phkA, we analyzed immature cleistothecia from transformants with the corresponding fusion genes (Fig. 4) . Isolated immature cleistothecia were crushed to extract the contents. The immature cleistothecium is filled with thick contorted hyphae whose shapes are so irregular that it is difficult to determine their structural details. 25) On these hyphae, called ascogenous hyphae, the ascus primordia bud out like grapes on a branch. With regard to the tcsB p -gfp and nikA p -gfp strains, fluorescence was observed in both the Hülle cells and the ascogenous hyphae, which is consistent with the idea that tcsB and nikA are expressed uniformly (for Hülle cells, see also insets in Fig. 4B ).
On the other hand, significant fluorescence was observed only in ascogenous hyphae of phkA p -gfp strain. Taken together with the fact that phkA was not strongly expressed at other locations, it is suggested PhkA is involved in a sexual development process, such as ascospore formation. This conjecture is reasonable, because the S. pombe ortholog of PhkA has been reported to be involved in the formation of sexual spores. 26) In summary, although this study is the first comprehensive survey of HK expression in a filamentous fungus, the various temporal and spatial expression profiles of each HK provide clues to their physiological function in complex processes of regulation in filamentous fungi, such as stress responses and sexual/asexual development. In addition to the spatial and temporal differences, it is possible that there are other mechanisms, such as the contribution of a scaffold factor, supporting specific interaction among HKs, HPt, and RRs. Crosstalk between HPt and heterologous HKs was reported for plant cells. 12) 
